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PROPORTIONS OF WOOD ELEMENTS IN STEM, BRANCH, AND ROOT WOOD 
OF BLACK OAK (QUERCUS VELUTINA) 
by 
Douglas D. Stokke1 and Floyd G. Manwiller2 
Summary 
The volumetrie proportions of vessel ele-
ments, fibres, rays, and axial parenchyma 
plus vasicentric tracheids were determined 
for the stern, branch and root wood of threc 
black oak (Quereus velutina Lam.) trees. 
There were statistical differences in the pro-
portions of wood elements between locations 
within the trees sampled, i.e., branches, 
sterns, roots, oblique roots, and lateral roots. 
Branches had the highest proportion of ves-
seI elements, whereas sterns had the greatest 
proportion ofaxial parenchyma plus vasicen-
tric tracheids. The highest proportions of rays 
were found in root wood. Fibre proportion 
was greatest in the stern and branch wood. 
Key words: Quereus velutina, proportions of 
wood elements, root wood, branch wood, 
stern wood. 
Introduction 
Quereus is a genus of wide-ranging ecolog-
ical and economic significance, with approxi-
mately 600 species worldwide (Mabberley 
1987). In contrast to the many studies on thc 
anatomy, structure, and properties of the sec-
ondary xylem of oak sterns, there have been 
few studies of the structure of the secondary 
xylem of oak roots. Lebedenko (1962) studied 
the root and stern xylem anatomy in seven spe-
eies of Fagaceae, among them, Querots ma-
eranthera, a rare white oak (i.e., a member of 
the subgenus Leucobalanus or Lepidobalanus) 
native to the Caucasus of the USSR and north-
ern Iran. Cutler (1976) examined sampIes of 
three roots of Quercus Crobur type') from the 
Kew reference collection of the Jodrell Lab-
oratory, Royal Botanic Gardens, England. 
The type of roots from which the samples 
originated was not known (e.g., lateral, tap, 
etc.), nor were sampIes of stern wood from 
the same trces available for comparison. 
Cutler et al. (1987) presented six light micro-
graphs and descriptive anatomy for Quereus 
root wood in their manual on root wood iden-
tification. In addition, a table of summary 
characteristics for root anatomy included Quer-
eus. The micrographs used for illustration, as 
weIl as the descriptive anatomy, were based 
on study of Q. dentata, Q. ilex, Q. robur, and 
Quereus sp. Riedl (1937) provided descrip-
tions of the root wood anatomy of several spe-
eies of trees, inc1uding Q. pedunculata (i.e., 
Q. robur). Shimaji (1962) also provided a 
descriptive comparison of the stern and root 
wood of both Erythrobalanus and Lepido-
balanus. The descriptions given for Erythro-
balanus were based on anatomical study of Q. 
Jalcata Michx. and Q. velutina Lam. Gasson 
(1987) described the anatomy of stern, branch, 
and root wood of Q. robur. Quantitative data 
on vessellumen diameter, vessellumen area, 
and percent conductive area were given for 
Q. robur, Q. ilex, and Q. turnei = Q. ilex x 
Q. robur (Gasson 1985). Howcver, no spe-
eific quantitative data on the proportions of 
wood elements were given for oak in any of 
the foregoing studies. 
Manwiller and Koch (1981) provide the 
most comprehensive quantitative information 
on oak root wood to date. In their study of 22 
hardwoods growing in the southern USA, 
eleven species of oaks were examined, eight 
of which were red oaks (Erythrobalanus). 
Root morphology, fibre length and trans-
verse dimensions, proportion of wood ele-
ments, specific gravity, ash and mineral con-
1) USDA Forest Service, North Central Forest Experiment Station, Forestry Sciences Labo-
ratory, SIU-C, Carbondale, IL 62901-4630, U.s.A. 
2) Iowa State University, Departrnent of Forestry, 251 Bessey Hall, Ames, IA 50011, U. S.A. 
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tent, and heat of eombustion were determined 
on roots exeavated to a 0.91 m radius from 
three trees of eaeh speeies. 
The present study was designed as an ex-
tension of the work of Manwiller and Koeh 
(1981), in whieh a representative oak speeies 
of the so-ealled 'low-grade' Eastern (U.S.) 
hardwood forest, Q. velutina Lam., blaek oak, 
was evaluated with respeet to 'eomplete-tree' 
utiIisation potential (i. e., stel]l, braneh and 
root wood utilisation). Speeifieally, the root, 
stern, and braneh wood anatomy was eom-
pared within and between three intensively-
sampled trees of this speeies. 
Materials and Methods 
Three blaek oak (Q. velutina) trees with 
breast height (bh) diameters of 16.5, 16.5, 
and 18.0 em, with 41, 43, and 19 growth 
rings at bh, respeetively, were harvested in 
the eastern half of lowa, USA. These trees 
were designated as trees I, 2 (stand-grown) 
and 3 (open-grown), respeetively. The root 
systems were exeavated to a radius of 1.07 m 
around the bole. Matehing sampIe dises for 
proportions of wood elements and speeifie 
gravity were taken at 1.2 m intervals along 
the stern to a 5.1 em diameter outside bark, at 
1.2 m intervals along branehes, and at 0.6 m 
intervals along the roots. Sampling of braneh-
es and roots proeeeded until the diameter was 
less than 1.3 em outside bark. In trees 1 and 
2, root sam pIes were segregated into lateral 
(defined as having < 20° root angle relative to 
horizontal) and oblique (> 20°) roots. In tree 
number 3, the growth habit of the roots was 
sueh that this distinetion was not made (i.e., 
essentially all of the roots were laterals by 
this definition). The green volume-base spe-
eifie gravity of the wood for the matehing 
dises was ealculated from the oven-dry weight 
and water displaeement-determined saturated 
volume (Forest Produets Laboratory 1956). 
Based on previous work on subsampling 
for wood properties evaluation (Mize & 
Winistorfer 1982), it was estimated that a 
subset of the total number of sampIe dises 
(several hundred) eould be used to estimate 
the proportion of wood elements. All eight 
stern dises in eaeh of trees land 2, and the 
six stern dises obtained from tree 3 were used. 
In trees 1 and 2, ten lateral and ten oblique 
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root dises were studied for a total of twenty 
root dises in eaeh tree. In tree number 3, 
twenty root dises were examined. Twenty 
braneh dises from eaeh tree were also se-
leeted, making a total of 142 dises for the es-
timation of proportion of wood elements. 
A 0.635 em wide, pith-eentered strip was 
eut from eaeh seleeted sampIe dise along a ran-
dom radius. The eross-seetional surfaee of 
eaeh strip was surfaeed with a razor blade. The 
bulk sampIes were stained with 0.1 % aqueous 
aeridine orange for 10 min., followed by a 
10-15 min. wash in distilled water. A Zeiss 
photomieroseope with epi-illumination was 
used with exeiter filter 11 (eombination of fil-
ters BF3 + BG38, transmitting 270-480 nm) 
and barrier filters 50/44, transmitting > 500 
nm). An epiplan HD 8x 10.2 n.a. objeetive 
was used with a 2.0 optovar settings and 
8x oeulars for a total magnifieation of 128x. 
Four randomly seleeted areas were found 
on eaeh sam pIe strip using a test point method, 
whieh has been shown to be more effieient 
than line transeets (Quirk & Smith 1976). The 
volumetrie proportions of vessels, fibres, 
rays, and axial parenehyma plus vasieentrie 
traeheids (the latter two eell types were eom-
bined due to their similar strueture as viewed 
on a transverse surfaee) were determined at 
eaeh sam pIe loeation with a Zeiss Integrating 
Disk I with 25 points. At the magnifieation 
used, the points on the integrating disk were 
0.1525 mm apart, resulting in a sampling area 
at eaeh loeation of 0.3721 mm 2. A total 01' 
14,200 points were classified. 
Data were analysed in a one-way analysis 
of varianee (ANOVA) in a nested or hierar-
ehieal design with unequal sizes (Snedeeor & 
Coehran 1967). The levels of nesting speei-
fied in this model were 'tree' and 'Ioeation 
within tree.' If the F-ratio of mean square 
(eomputed from Type III sum-of-squares) 
for loeation within tree (viz. stern, braneh, 
and root) to mean square for error indieated 
a signifieant differenee, aleast signifieant 
differenee (Isd) was ealculated to idcnti1'y 
souree(s) of the differenee (Steel & Torrie 
1980). Varianee eomponents were also esti-
mated for all levels of nesting (tree, loeation 
within tree, disk within loeation, and area 
within dise) [rom Type I sums of squares 
(SAS Institute, Ine. 1988). 
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Table 1. Proportions of wood elements (%) in stern, branch, and root wood. 
W ood element Stern Branch Root Oblique root Lateral root 
(n = 88)1 (n = 240) (n = 80) (n = 80) (n = 80) 
Vessels 13.5 B2 16.9 A 12.6 BC 11.8 BC 10.7 C 
Fibres 40.8 AB 43.4 A 37.5 B 33.7 C 32.5 C 
Rays 17.5 C 17.0 C 27.4 B 29.4 B 36.3 A 
Axial parenchyma 28.4 A 22.8 BC 22.5 BC 25.2 B 20.7 C 
plus vasicentric 
tracheids 
1) n refers to the total number of sampling areas within discs for each location. 
2) Locations with the same letter have proportions of a given wood element which do not differ 
according to the least significant difference ([sd) criterion. lsd = t.os, df-{2MSE/H, where 
MSE = mean square for error and H = harmonie mean of the number of discs within location. 
Resu1ts 
The green volume-base specific gravity 
of the wood, in descending order, was 0.63, 
0.58, 0.48, 0.45, and 0.44 for branch, stern, 
oblique root, root, and lateral root wood, re-
spectively. Aleast significant difference test 
(lsd = 0.01) indicated that all specific gravity 
values were significantly different with the 
exception of root and lateral root wood. 
The proportions of wood elements meas-
ured in the various locations within trees are 
shown in Table 1. F-tests indicated that none 
of the proportions of wood elements were 
significantly different between the three trees 
at the p=0.05 level. There were, however, 
significant differences for the proportions of 
all wood elements between locations within 
trees. Therefore, a lsd test was applied for each 
wood element at this level of nesting. The lsd 
values were 2.8, 3.6, 3.3, and 2.8% for ves-
sels, fibres, rays, and axial parenchyma plus 
vasicentric tracheids, respectively. Statistical 
groupings for each wood element result-
ing from these lsd values are also shown in 
Table 1. 
Branches had the greatest percentage of 
vessels (16.9%), followed by a statistically 
homogeneous grouping of stern (13.5%), 
root (12.6%), and oblique root (11.8%) tis-
sues. Lateral roots (10.7%) had a significant-
ly lower percentage of vessels than the sterns. 
Fibre percentage was largest in branches and 
sterns (43.4 & 40.8%), and lowest in the 
oblique and lateral roots (33.7 & 32.5%), 
whereas the trend in the ray percentage was 
essentially reversed. Lateral root wood was 
composed of 36.3% rays, while the sterns 
and branches were composed of 17.5 and 
17.0% rays, respectively. Axial parenchyma 
plus vasicentric tracheids were most abun-
dant in the stern wood (28.4%), with the 
oblique fOot, branch, and root wood inter-
mediate (25.2, 22.8 & 22.5%) and not sig-
nificantly different from one another. The 
lateral root wood was significantly lower 
than other organs in axial parenchyma plus 
vasicentric tracheid content (20.7%). 
The variance components are shown in 
Table 2. The SAS pro gram calculates these 
components from Type I sums of squares 
(SAS Institute, Inc. 1988). Since the data 
were unbalanced, calculation of F-tests di-
rectly from the mean squares in Table 2. is 
inappropriate. An approximate test may be 
made by using the coefficients 01' expected 
mean squares as shown on page 163 01' Steel 
and Torrie (1980) and on pages 293-294 of 
Snedecor and Cochran (1967). Alternatively, 
F-tests may be obtained from Type III sums 
of squares. Our interest here, however, is not 
in F-tests, but in the variance componcnts. 
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For all wood elements, the majority of the 
variation was due to areas within discs (sam-
p1ing error), accounting for 62.9% to 91.6% 
of the total variation (Table 2, 'Percent' col-
umn). Variation attributable to trees was neg-
ative (such negative estimates are typically 
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assumed to be zero). The variation associated 
with locations within trees and discs within 
locations was generally low. An exception 
was found for locations within trees for rays, 
as 36.0% of the variation was attributable to 
this source. 
Table 2. Variance components for proportion of wood elements. 
Wood element Variance df Mean Variance Percent 
squares! component 
--_._---
Vessels Tree 2 43.18 -2.81 0 
Location 8 471.93 7.85 7.8 
Disc 131 94.44 0.58 0.6 
Area 426 92.14 92.14 91.6 
Total 567 97.86 100.57 100 
Fibres Tree 2 120.48 -8.48 0 
Location 8 1400.43 24.76 13.2 
Disc 131 210.14 15.99 8.6 
Area 426 146.20 146.20 78.2 
Total 567 178.58 186.95 100 
Rays Tree 2 134.36 -24.51 0 
Location 8 3780.93 75.69 36 
Disc 131 141.89 2.35 1.1 
Area 426 132.49 132.49 62.9 
Total 567 186.14 210.53 100 
Axial parenchyma Tree 2 57.08 -2.45 0 
plus vasicentric Location 8 437.01 6.40 6.2 
tracheids Disc 131 129.34 10.84 10.5 
Area 426 85.97 85.97 83.3 
Total 567 100.84 103.21 100 
!) Computed from Type I sums of squares. 
Coefficients of expected mean squares. 
Source Tree Location Disc within Area within disc 
within tree location (error term) 
Trcc 189.30 6l.20 4 
Location within tree 0 48.08 4 
Disc within Iocation 0 0 4 
Area within disc 0 0 0 
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Table 3. Proportions ofwood elements in oak stern wood reported in the literature. 
Percent 
-----
Axial parenchyma 
Species plus vasicentric Source 
Vcssels Fibres Rays tracheids 
---------------------
Quereus 
alba 16.1 47.8 28.0 8.0 Panshin & De Zeeuw 19801 
14.7 41.2 20.7 23.5 Manwiller 1973 2 
bieolor 29.7 Panshin & De Zeeuw 19803 
eoecinea 12.6 44.8 18.2 24.4 Manwiller 1973 2 
faleata 
vaL faleata 14.6 37.8 19.0 28.5 Manwiller 1973 2 
vaL pagodifolia 11.2 44.8 18.4 25.5 Manwiller 1973 2 
ilex 34.1 Panshin & De Zeeuw 19804 
laurifolia 10.5 43.3 19.7 26.4 Manwiller 1973 2 
maeroearpa 26.6 40.8 20.6 12.0 Panshin & De Zeeuw 19801 
marilandiea 16.1 37.8 21.5 24.6 Manwiller 1973 2 
nigra 12.8 42.7 18.5 25.9 Manwiller 1973 2 
robur 20.6 Panshin & De Zeeuw 19804 
rubra 21.6 43.5 21.4 13.5 Panshin & De Zeeuw 19801 
19.5 41.3 15.9 23.4 Maeglin 1974, 1976 
15.3 41.3 19.0 24.5 Manwiller 1973 2 
shurnardii 12.1 45.7 18.3 23.8 Manwiller 1973 2 
stellata 12.4 37.5 22.6 27.6 Manwiller 1973 2 
velutina 14.1 37.3 31.4 17.2 Panshin & De Zeeuw 19801 
14.7 37.1 20.8 27.4 Manwiller 1973 2 
virginiana 32.2 Panshin & De Zeeuw 19803 
1) Data given in Table 5-3, page 181. Taken from G.E. French. 1923. MSc Thesis, New York 
State College of Forestry, Syracuse. 
2) These data have been published in Koch 1985: Table 5-3, page 303. 
3) Data given in Tab1e 5-7, page 197. Taken from J.E. Meyer. 1922. Ray v01umes of the com-
mercial woods of the Uni ted States and their significance. J. For. 20: 337-351. 
4) Data given in Table 5-7, page 197. Taken from B. Petrie & V. Seukanec. 1975. Ray tissue 
pcrcentages in wood ofYugoslavian hardwoods. IAWA Bull. 1975/3: 43. 
Discussion 
Stern wood 
A comparison with other quantitative data 
may help to determine if these results are re-
prcscntative 01' red oaks in general and Q. ve-
lutina in particular. Proportions of wood ele-
ments in oak stern wood, as reported in the 
literature, are summarised in Table 3. It can 
he seen that vessel percentages range from 
10.5% in Q. laurifolia to 26.6% in Q. rnacro-
carpa. Fihre percentage ranges from 37.1% 
in Q. vellitina to 47.8% in Q. alba. Ray per-
centage varies from 15.9% in Q. rubra to 
34.1 % in Q. ilex. The proportion ofaxial 
parenchyma plus vasicentric tracheids com-
bined ranges from 8.0% in Q. alba to 28.5% 
in Q.falcata vaLfalcata. In the present study, 
the proportions measured in the stern wood 
were 13.5% vessels, 40.8% fibres, 17.5% 
rays, and 28.4% axial parenchyma plus va-
sicentric tracheids. These values correspond 
closely to those given by Manwiller (1973) 
for Q. velutina, but are higher than those for 
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Table 4. Proportions of wood elements in branches 1 and roots 2 of oaks from thc southern 
United States of America reported in the literature. 
----_.~ 
Percent 
----
Species Branch (B) Axial parenchyma 
or plus vasicentric 
Root wood (R) Vessels Fibres Rays tracheids 
Quercus 
alba B 13.8 42.5 16.3 27A 
R 16A 42A 18A 22.7 
coccinea B 13.0 46.7 18.1 22.2 
R 13.5 41.3 25.7 19.3 
jalcata 
vaLjalcata B 12.3 42.6 18A 26.7 
R 14.0 39.2 20.9 25.7 
vaL pagodifolia B 12.3 47.9 17.2 22.6 
R 16.1 41.1 20.2 22.5 
laurifolia B 10.5 45.2 18.0 26.3 
R 18.3 40.5 20.7 20A 
I1Ulrilandica B 13.2 42.3 21.6 22.9 
R 13.6 42.0 27.6 16.7 
nigra B 12.8 42.5 18.7 26.0 
R 14.6 42.1 19.0 24.1 
prinus B 
R 13.5 45.0 20.6 20.7 
rubra B 14.5 44.1 18.0 23A 
R 11.3 52.2 21.5 14.8 
shul1Ulrdii B 10.5 48.6 17.5 23A 
R 
stellata B 11.1 41.2 15.7 31.9 
R 15.0 44.6 20.7 19.5 
velutina B 15.3 42.3 17.0 25A 
R 13.9 42.5 24.0 19A 
1) Manwiller, F.G. 1973. Size and proportions of wood and bark elements on 22 hardwood 
species. Final Report FS-SO-3201-1.42, dated September 20,1973. Data on file at USDA 
Forest Service, Southern Forest Experiment Station, Pineville, Louisiana. (These data have 
been published in Koch 1985: Table 5-3, page 304.) 
2) Manwiller, F. G. & P. Koch. 1981. Some properties of roots of six-inch hardwood trees of 
22 species that grow on southern pine sites and distribution of biom ass in such trees. Final 
Report FS-SO-3201-1.59, dated September 23,1981. Data on filc at USDA Forest Service, 
Southern Forest Experiment Station, Pineville, Louisiana. (These data have been published 
in Koch 1985: Table 14-4, page 1314.) 
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ray proportion, and lower for axial paren-
chyma plus vasicentric tracheids as listed 
in Panshin and De Zeeuw (1980) (Table 3). 
Maeglin and Quirk (1984) compared propor-
tions of wood elements in stern wood of the 
red and white oak groups. They reported that 
the redoak group has a lower fibre percent-
age (41 vs. 60%) and higher axial parenchyma 
plus vasicentric tracheid content (23 vs. 9%) 
than the white oak group. The vessel volumcs 
were 19.5% and 15.5%, and ray volumes av-
eraged 16% and 15% in the red and white oak 
groups, respectively. The Q. velutina trees in 
this study appear to be typical of the red oak 
group in general in terms of stern wood anat-
omy. Comparison of the stern wood in these 
trees with their branch and root wood may 
also therefore be typical of red oaks. 
Branch wood 
Data on proportions of wood elements in 
branch and root wood of oaks, as reported 
in thc literature, are summarised in Table 4. 
In branch wood, the proportions of vessels 
range from 10.5% (Q. laurifolia and Q. shu-
mardii) to 15.3% (Q. velutina), the fibres com-
prise from 41.2% (Q. stellata) to 48.6% (Q. 
shumardii) of the wood volume, the ray per-
centage ranges from 15.7% (Q. stellata) to 
21.6% (Q. marilandica), and the axial paren-
chyma plus vasicentric tracheids make up from 
22.2% (Q. coccinea) to 31.9% (Q. stellata). 
The results of the present study tend to con-
firm that Q. velutina has a high percentage of 
vessels in the branch wood, here, 16.9%. 
The proportions of fibres and rays measured 
(43.4 and 17.0%, respectively) fall approxi-
mately in the mid-ranges of the literature val-
ues, whereas the axial parenchyma plus vasi-
centric tracheid percentage is near the lowcr 
range of the literature values, at 22.8%. These 
values are, however, very elose to those dc-
termined by Manwiller (1973) for Q. velutina 
branch wood: 15.3, 42.3, 17.0, and 25.4% 
for vessels, fibres, rays, and axial parenchy-
ma plus vasicentric tracheids, respectively 
(Table 4) in trees sampled in West Central 
Arkansas and Northern Alabama, USA. 
Root wood 
The proportions of vessel elements in oak 
root wood reported in the literature range from 
-----
11.3% (Q. rubra) to 18.3% (Q. laurifolia) 
(Table 4) as compared to the overall average 
of 11.7% for trees 1-3 combincd. These val-
ues may be compared to an average of 14.4% 
for the eight species of red oaks studied by 
Manwiller and Koch (1981) or 13.9% vcs-
sels in Q. velutina alone. 
Fegel (1941) stated that the "most signi-
ficant differcnces in structure were found to 
be in variations in the size and frequency of 
occurrence of the various elements making up 
the wood" in roots, sterns, and branches of 
hardwoods and conifers. Combined data for 
ring-porous woods showed that roots had 
vessel percentages (13.2%) that were half of 
those of the sterns (26.5%), with branch wood 
intermediate (18.2%). Although there were 
statisticall y significant differences in the per-
centages of vessels in the organs in the pres-
ent study, the magnitudes of the differences 
were not nearly so great as those found by 
Fegel (1941). Manwiller and Koch's (1981) 
study of oak root wood also did not find dif-
ferences as large as did Fege!. A consistent 
pattern of variation in the percentage of ves-
seI elements between these organs is not 
readily apparent (Table 1), but there is some 
indication that in general, branch wood had 
the highest proportion of vessels, 1'ollowed 
by sterns and roots. In contrast, by measur-
ing the perccnt conductive area (PCA = sum 
of the lumen areas of vessel elements), Gas-
son (1985) found an increase from branch to 
stern to root in Q. robur and Q. ilex, but the 
trend was not as apparent for Q. ilex x robur. 
Gasson (1987) has provided a thorough dis-
cussion of the physiological significance 01' 
such trends in Q. robur and Fagus sylvatica. 
The root wood fibre proportions in this 
study were generally lower than for most of 
the oak species studied by Manwiller and 
Koch (1981), and were lower than their spe-
cific data for Q. velutina. The average here 
was 34.6% fibres, as compared to 42.6% for 
the eight species of red oaks and 42.5% in Q. 
velutina in their study. Fayle (1968) states that 
while roots generally have a lower fibre con-
tent than sterns (confirmed also in this study), 
the "fibre content is high in those root loca-
tions which would be required most in sup-
port functions." One might therefore expect 
to find di1'ferences in the fibre content of 1at-
308 
eral and oblique roots, as their anchorage 
functions would vary due to the differences 
in root angle. In this study, however, the 
proportions of fibres in lateral (32.5%) and 
oblique (33.7%) roots were not significantly 
different (Table 1). Despite this result, there 
were significant differences in the specific 
gravity (sg) of lateral (sg = 0.44) and ob-
lique (0.48) root wood. The oblique roots 
(root angle> 20°) may in fact function like 
a 'guy wire', in which case a higher sg, 
and presumably, strength, would be advanta-
geous. 
The average root wood ray percentage in 
the present study was 31.0% (all the root 
wood sampIes combined), versus 17.5% rays 
in stern wood and 17.0% in branch wood 
(Table 1). Fegel (1941) also found higher 
proportions of ray tissue in the root wood of 
ring-parous hardwoods (18.7%), followed 
by branch (15.3%) and stern wood (14.1%). 
A similar trend was observed in diffuse-por-
ous hardwoods, with 15.6%, 12.3%, and 
11.1 % rays in the root, branch, and stern 
wood, respectively. The higher ray content 
of root wood is related to the food storage 
function of roots. Staining with iodine-potas-
sium-iodide revealed that starch was frequent-
Iy found in axial and ray parenchyma in thc 
root wood, but was not present in the sap-
wood of branches. The trees in this study 
were harvested in July and August, during 
which time an increase in food storage activ-
ity could be expected. Summarising from 
both the literature and his own work, Faylc 
(1968) further stated that larger volumes of 
ray tissue in root wood may be due to reduced 
loss of ray initials in the root, greater physio-
logical activity of the root, and distance from 
the crown. 
The eight species of red oaks studied by 
Manwiller and Koch (1981) had an average 
percentage ofaxial parenchyma plus vasicen-
tric tracheids of 20.4% in root wood, as 
compared to the overall average of 22.8% in 
thc root wood of Q. velutina in the present 
studyand 19.4% for black oak in their study. 
Shimaji (1962) noted (although no data werc 
presented) that within the Fagaceae, "axial 
parenchyma are much more abundant in raot 
woods in all the spccics investigated." Like-
IAWA Journal, Vol. 15 (3),1994 
wise, Gasson (1987) stated that in Q. robur, 
"a larger proportion of raot tissue consists of 
axial parenchyma." Patel (1965) also found 
mare axial parenchyma in the tap root of 
ring- and diffuse-porous woods as compared 
to the stern wood. This is not the case in the 
present study for axial parenchyma plus vasi-
centric trachcids combined, nor is this borne 
out by Manwiller's (1973) data for axial pa-
renchyma plus vasicentric tracheids. In all ten 
species of oak for which data are available for 
proportions of wood elements in sterns and 
roots, the percent axial parenchyma plus 
vasicentric tracheids is clearly greater in stern 
wood as compared to raot wood (Tables 3 & 
4). The methods used by Manwiller (1973) 
and the size of trees sampled were similar to 
those in the present study. Whether the dis-
crepancy with the results of other researchers 
is due to the fact that axial parenchyma plus 
vasicentric tracheids were here combined, but 
apparently were not by Shimaji, Gasson, or 
Patel is unknown. 
For each of the wood elements, the vari-
ance component for 'trees' is negative (Table 
2). This could result from either a truly low 
variance or an insufficiently-Iargc sampIe size 
(Mize & Winistorfer 1982). Most of the vari-
ation in these measurements is attributable to 
areas within discs (sampling error). General-
ly, the variance components due to locations 
within trees are small, with the exception 
of locations within trees for rays. The pro-
portion of rays exhibited the greatest abso-
lute variation between locations within trees, 
resulting in the higher variance component. 
Zobel and Van Buijtenen (1989) suggest that 
"tree to tree variation is so large that it is of 
major importance far all wood praducts. It is 
usually necessary to sampie at least 30 trees 
for each assessment in arder to obtain a valid 
estimate of average wood praperties for a 
group of trees." The variance components in 
this study tend to substantiate their statement, 
indicating that in future studies of this type, 
mare trees should be sampled with fewer 
subsampIes per tree. This could be advanta-
geous in that a sampling protocol could be 
developed which would not require the com-
plete excavation of root systems in order to 
obtain a statistically valid sampIe. 
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Species differences 
It appears that the only general conclusion 
concerning species differences is that there 
are fairly consistent differences in the relative 
ranking of cellular composition of wood in red 
and white oaks. These relationships hold to 
varying degrees for stern, branch, and root 
wood, but are generally of the same order if 
not magnitude. The red oaks seem to have 
slightly greater vessel and fibre proportions, 
whereas the ray and axial parenchyma plus 
vasicentric tracheid proportions show little dif-
ference between the two groups. The differ-
ences noted here, however, are not of the same 
magnitude as those suggested by Maeglin and 
Quirk (1984). Consistent differences between 
species within a given group are more diffi-
cult to discern. Intuitively, one would expect 
a change in proportions of wood elements 
with varying ring width. In this study the vari-
ation attributable to 'area' was substantial for 
each cell type (Table 2), reflecting to some 
extent variations in ring width. This variation 
was not significant enough to result, however, 
in any measurable variation between trees 
(variance component of zero for each cell 
type) despite the difference in the number of 
growth rings in the trees studied (41, 43, and 
19 rings in trees of similar diameter). 
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